ABSTRACT: Square mesh traps placed under natural boulder cover were used to obtain in situ settlement rates of intertidal brachyurans along a rocky coast within the Cascais area, Central Portugal. Megalopae of all intertidal species known to occur in this region were present in the samples. The settlement variability within different spatial scales, i.e. hundreds, tens and unit metres, were tested for the most abundant species, Pachygrapsus marmoratus, using a nested analysis of variance design. A significant contrast was found between areas 1.5 km apart, while no differences were detected at lower spatial scales. Spatial heterogeneity is likely to depend on coastal hydrological patterns rather than smaller-scale processes such as substrate selection. Fine time series settlement data were obtained for P. marmoratus and Xantho incisus, which were analysed for periodic patterns and correspondence to tide range and wind speed components. Across-shore wind forcing was found to be the major factor affecting settlement for both species, although in inverse ways. While onshore winds favour settlement of P. marmoratus, it is the relaxation of the onshore component or contrary offshore forcing that is apparently transporting the megalopae of X. incisus ashore. We predict that the vertical distributions of X. incisus and P. marmoratus megalopae are different within the inner shelf and that wind-driven upwelling and downwelling compensating coastal flows are largely determining their temporal abundance variation. In the case of P. marmoratus, there is also a secondary but significant effect of tides on the abundance of megalopae. An increasing number of settlers on traps was verified during periods of higher tide range. This seems to be particularly marked during spring tides around the new moon, but there is no statistical support for such a trend.
INTRODUCTION
Settlement and subsequent recruitment to the adult population are major processes influencing population dynamics of marine invertebrates with meroplanktonic development. At benthic population densities below the carrying capacity of a given system, the supply of new settlers to the adult habitat may condition species abundance (Gaines & Roughgarden 1985 , Roughgarden et al. 1988 . Nearby areas under the influence of divergent hydrological conditions may hold contrasting densities of recent recruits of the American lobster because of differential availability of planktonic postlarvae (Wahle & Incze 1997) . In fact, the commercial catch of rock lobsters and Dungeness crabs can be anticipated 4 to 5 yr ahead due to significant relationships between post-larval supply and commercial landings (Johnson et al. 1986 , Phillips 1986 .
Causes of temporal variation of settlement rate are usually indicated by means of testing the significance of relationships between long time series records of settle-ment rates and hypothesised influencing factors. Results obtained in many such studies suggest that complex processes involving different variables could be responsible for the patterns observed. For instance, settlement of the blue crab Callinectes sapidus in Chesapeake Bay is known to depend on southward wind drift over the shelf, which retrieves larvae previously advected to the north and favours their transport into the estuary (Goodrich et al. 1989 , Johnson & Hester 1989 , Johnson & Hess 1990 , Jones & Epifanio 1995 . Yet studies using passive collectors deployed inside the Chesapeake estuarine system have also found the effect of lunar phase, indicating either higher settlement during periods of higher tide amplitude corresponding to the full moon (van Montfrans et al. 1990 ) and new moon (Mense et al. 1995) or lower tide range during the waning moon (Boylan & Wenner 1993) . Semilunar periodicity was also found by Metcalf et al. (1995) but interannual variation prevented definition of a regular pattern. Mense et al. (1995) suggested that larval flux in smaller estuaries might be mainly influenced by tidally driven mechanisms, while wind-induced drift would be the most important factor in larger systems. Since within-marsh settlement necessarily depends on events taking place while larvae are in offshore and estuarine waters, complex and often contrasting patterns such as those cited above would be a result of factors operating during both phases. Therefore, data obtained on estuarine settlement cannot be used to unambiguously examine cross-shelf transport (Shanks 1998) . Information on the settlement patterns of coastal intertidal crabs would contribute to the identification of the mechanisms involved in this process.
Apart from the research carried out on the Californian shore crab Pachygrapsus crassipes there have been no attempts to obtain settlement records at fine temporal scales for any marine intertidal brachyuran. As in other crabs inhabiting intertidal rocky shores, the megalopae of P. crassipes must reach and settle on a narrow rocky belt often exposed to considerable wave action. The actual process of settlement in the intertidal environment is still unknown, but daily collections of megalopae at a seaward site located 320 m from the shore revealed a remarkable fortnightly cycle with peak catches regularly just preceding spring tides (Shanks 1983) . The author suggested that these larvae are probably transported onshore by unbroken internal waves originated at the shelf break during tides of lower amplitude. The megalopa of this species can be effectively transported due to its characteristic behavioural response to physical stimuli (Shanks 1985) and swimming capabilities (Shanks 1995a) .
Brachyuran crabs are usually abundant inhabitants of the intertidal zone of rocky shores from warm temperate to tropical latitudes. Their important role in the community dynamics may be predicted but experimental evidence of such a role has been seldom tested. Benthic crab populations in rocky shores are relatively well studied, including growth of discrete age groups (McDonald 1982 , Fukui 1988 , Tsuchida & Watanabe 1997 , population structure (e.g. Swartz 1976 , Vannini & Gherardi 1988 , Yau 1992 , Flores & NegreirosFransozo 1999 and breeding (e.g. Broekhuysen 1941 , Knudsen 1960 , Fukui 1990 , Flores & NegreirosFransozo 1998 . In contrast, there is a virtual lack of information concerning their larval ecology. In this study we measured settlement rates of intertidal brachyurans in natural cobble areas enclosed in major bedrock shores. Settlement variability within different spatial scales was compared for the most abundant species to provide a basis for sampling replication and to obtain preliminary clues on the nature of mechanisms promoting settlement. To judge the likelihood of potential mechanisms assisting cross-shelf transport at the study area, we sampled for the occurrence of megalopae over 2 settlement seasons and evaluated the influence of wind components, tide range and lunar phase as factors explaining the patterns obtained.
MATERIALS AND METHODS
Collection and identification of megalopae. In a first attempt to obtain settlement estimates, the commonly used 'hogshair' air conditioning filter material (e.g. O'Connor 1993, Rabalais et al. 1995 , Paula et al. 2001 was used as settling surfaces coating PVC pipe sections fixed on the rock surface. As verified for megalopae settling in coral reefs (Reyns & Sponaugle 1999) , this sort of material proved to be inefficient. A modified trap for collecting porcelain crabs (Oliveira et al. 1995) rendered much better results. Square mesh pieces (0.5 × 0.5 m, 1 mm mesh size) were placed under natural cobble cover, approximately 40 cm below the surface. Every other day, the cobble at the sampling plots was removed and washed in a large plastic basin, together with the mesh trap itself. The water inside the basin was then passed through a 1 mm sieve, and all the obtained material was placed inside a vial by rinsing the sieve into a funnel. Upon arrival at the laboratory, the vial contents were emptied over a white plastic tray covered with freshwater. All debris to which megalopae could possibly cling to, mostly detached algae, was vigorously shaken and discarded. Once cleaned, the tray was screened under magnification to separate megalopae.
All individuals but a single pinnotherid specimen were identified to species. Their identification was possible with the descriptions provided by Lumare & Gozzo (1972) , Rice & Ingle (1975 ), Ingle (1991 ), Guerao et al. (1997 and Flores & Paula (2000) . Microscopic observation was only required to separate the megalopae of Carcinus maenas, Pirimela denticulata and Necora puber. The number of individuals collected of each species and sample was recorded.
Spatial patterns. Tested spatial scales of settlement variability were hundreds, tens and unit metres. Two different areas 1.5 km apart, i.e. Cabo Raso and Raio Verde, were chosen for sampling due to the availability of suitable areas with cobble coverage (Fig. 1) . Within each area, 2 sites 100 to 170 m apart were delimited, in which 3 sampling plots separated by 6 to 10 m were set. All plots were located in the lower intertidal zone ranging between 1.0 and 1.3 m above chart datum. A nested ANOVA (Underwood 1997 ) was chosen to compare the settlement variability between the 'area', 'site' and 'plot' levels, using samples taken throughout the 1999 recruitment season as replicates (n = 16 sampling dates in which all plots could be simultaneously sampled). To achieve homogeneity of variances data were transformed to 133 (x + 1) 32 . For species occurring at low numbers preventing detailed analysis, a G-test of goodness of fit corrected according to Williams (1976) was used to test abundance differences between sampled areas. Temporal patterns. Samples were taken during 2 different seasons to assess interannual variability of settlement. The first was from 31 August to 1 December 1999 and the second from 3 June to 30 October 2000. All areas (Fig. 1) were sampled during the first study period, but because of natural disturbance of area 1 and logistic constraints, only areas 2, 3 and 4 could be sampled in the second period. Within each sampling season, time series settlement data were preliminary tested for fortnightly and lunar cycles. For that, data were subjected to spectral analyses and periodograms were obtained (Rayner 1971) . To test whether time series data differed from a 'white noise' series, the distribution of periodogram values was tested against the exponential distribution using a Kolmogorov-Smirnov (K-S) 1 sample test (Rohlf & Sokal 1981 , Sokal & Rohlf 1995 . When significant semilunar periodicity was detected, the cross-correlation between settlement rate and tide range was determined to estimate the phase shift between the 2 variables. Tide values corresponded to daily averages obtained from published tables for the Cascais harbour, nearly 5 km distant from the study area. Apart from tide range, wind was also regarded as a possible factor influencing temporal patterns of settlement variation. Average wind speed and direction were calculated from 2 daily readings provided by the Cabo da Roca station (9 km north of Cabo Raso) of the Instituto de Meteorologia. Wind speeds were decomposed into their along-and across-shore components as performed by Jones & Epifanio (1995) . In our study, we set the along-and across-shore directions to the northsouth and west-east axes, respectively, considering the geographic orientation of the Portuguese coast.
Log-linear models (Bishop et al. 1975 , Sokal & Rohlf 1995 were used to assess the relative importance of tide range and wind speed as factors influencing settlement rate. Three-way contingency tables also allow testing of the interaction between these factors. Separate models were fitted to each species, year, wind component and number of preceding days, up to 8, accounting for the cumulative effect of wind. This statistical procedure requires data to be initially categorised in a suitable number of intervals to avoid null frequencies. In all cases, variables were split into categories of equal or subequal number of observations: 2 in the case of tide range and wind speed, and 2 or 3 for settlement rate. Separating those variables into more categories would not improve the testing of the general models proposed in this study. When significant 2-factor interactions were found, i.e. 'settlement × tide range' or 'settlement × wind speed', the initial test was decomposed to verify which were the contrasting factor levels in the case when 3 settlement categories were used. Otherwise, examining the sign of deviations against expected values was sufficient to assess how variables are related. When significant 3-factor interactions were detected, i.e. 'settlement × tide range × wind speed', the test was decomposed into separate 2-way contingency tables as settlement × wind speed in each tide range category or settlement × tide range in each wind speed category.
RESULTS
Overall numbers of megalopae collected over the study period are shown in Table 1 . The grapsid Pachygrapsus marmoratus was by far the most abundant species, comprising almost 90% of all individuals, followed by Xantho incisus, which was relatively common in samples. The remaining species may be considered occasional. Species abundance rankings appear to vary little between sampled periods, but detailed comparisons were precluded due to the small number of megalopae obtained in 1999. Considering the same sampled areas and the intersecting periods of known settlement occurrence during the 2 sampled seasons, the abundance of settling megalopae in 2000 is estimated to have been 9-and 14-fold higher for X. incisus and P. marmoratus, respectively. The temporal distribution of the studied species roughly indicates 2 groups: a first group of early settlers including Necora puber, Pirimela denticulata and Pilumnus hirtellus and a second group of later settlers consisting of the species P. marmoratus, X. incisus and Eriphia verrucosa.
Spatial patterns
Because of the low settlement rates observed in 1999, estimating the spatial scales of settlement variability was only possible for the most abundant species, Pachygrapsus marmoratus. Sampling dates accounting for this analysis were scattered along the study period when all plots could be recovered. Areas of natural cobble deposition are usually less exposed, but upper layers may eventually roll and dislodge the traps when large waves are formed. Table 2 shows the results of the hierarchical ANOVA to assess spatial variability of settlement. Variation at the 'plot' and 'site' levels was not significant. Settlement rates were only different at the 'area' level, corresponding to locations separated by 1500 m. abundant at Raio Verde than at Cabo Raso. Although settlement variation was not examined in such detail, there is evidence that at the 'area' level it is also occurring in other species (Table 3 ). Yet it is interesting to note that significant differences between Xantho incisus and Necora puber indicate higher abundance of settlers at Cabo Raso instead. For the remaining species, adequate tests could not be performed due to low numbers of observations, but numerical differences also suggest a higher settlement of Pirimela denticulata at Cabo Raso.
Temporal patterns
A closer study of temporal settlement patterns was only possible for the dominant species, Pachygrapsus marmoratus (for both 1999 and 2000 sampling periods) and Xantho incisus (only for 2000). In 1999, analyses included all data since the sampling period was well within the known settlement season of P. marmoratus. In 2000, early null records were excluded because prior sampling from early June allowed us to assume that settlement still had not begun at that time. Because of the heterogeneous distribution over the study zone, only traps set at Site 2 and Raio Verde were sampled for X. incisus and P. marmoratus, respectively, during the 2000 sampling period.
Settlement rates as indicated by number of megalopae per trap are shown for Pachygrapsus marmoratus (Figs. 2 & 3) and Xantho incisus (Fig. 3) . A lunar cycle centred on the new moon is apparent for P. marmoratus in 1999 (Fig. 2) , which is confirmed by the corresponding periodogram in which a discrete peak at a frequency relative to a period of 30 d is evident and significant ( Fig. 4 ; K-S test: d = 0.57, p < 0.01). In 2000, the temporal distribution of P. marmoratus megalopae peaked conspicuously around the new moon of August 29, but adjacent peaks approximately around the full moon suggested a semilunar cycle. When the data were analysed for the whole frequency range, the periodogram showed a major peak corresponding to a period of 84 d (K-S test: d = 0.62, p < 0.01), probably due to the masking effect of the major settlement peak. After defining a frequency subset including the most likely working cycles, i.e. periods ranging from 4 to 35 d, the highest peak corresponded to a period of 14 d ( Fig. 4 ; K-S test: d = 0.58, p < 0.01), very close to the semilunar period. For X. incisus, no further sampling was conducted after September 28, due to persistent disturbance on the cobble area at site 2 from September 29 to October 4. The record permits the identification of discrete peaks, but no periodicity is apparent by visual inspection of the plot presented in Fig. 3 . Spectral analysis rendered a periodogram indicating a significant period of 64 d (K-S test: d = 0.35, p < 0.01), again interpreted as a result of the single major settlement peak on August 29. Testing for significant peaks within pertinent ranges indicated a significant period of 12.8 d (Fig. 4 ; K-S test: d = 0.32, p < 0.01).
Cross-correlations were run between settlement rate and tide range to verify whether semilunar periods suggested by spectral analysis for the 2000 settlement series find independent support. A negative significant correlation was detected for Pachygrapsus marmoratus with a lag of -6 d (Fig. 5) . Although a positive correlation near lag 0 was not detected, this result supports a semilunar cycle in pace with tidal variation. Synchronic variation between tides and settlement would also be supported by negative significant correlations at lags of ± 7 d. A negative correlation at -6 d does not suggest a significant phase deviation, since temporal sampling was undertaken at a precision of ± 2 d. In the case of Xantho incisus, no significant correlations were found. Because winds from the north-west prevailed during the 2000 sampling period, the variation of along-and across-shore wind components was relatively similar (Fig. 3) . However, loglinear models fitted to time series data showed that the across-shore wind speed component was the most important factor affecting settlement rate in both species (Tables 4 to 6 ). There was no apparent effect of tides or alongshore wind components on the settlement rate of Xantho incisus (Table 3) . In this species, across-shore winds began to exert their influence after 3 preceding days. In all cases, higher settlement rates corresponded to negative or low onshore wind speed components, as shown in Fig. 6 . It should be noted that separating wind data in 2 equally sized categories did not imply a division of data into negative and positive values. During the 2000 sampling period, positive onshore wind components prevailed (Fig. 3) , so that high settlement of X. incisus occurs mostly when both offshore and relaxation of onshore components take place. The picture for Pachygrapsus marmoratus is quite contrasting. Onshore winds were found to be associated with higher settlement during both sampling periods (Tables 5 & 6, Fig. 7 ). This trend was significant in the 1999 season when the cumulative effect of winds from 2 and 5 preceding days was accounted for and during 2000 when 2 and 6 to 8 days were considered. Yet the effect of onshore winds may be cancelled under conditions of high tide range (Table 6 , Fig. 7) . In this species, along-shore northerly wind components and high tide ranges may also be related to high settlement (Table 6 ).
The effect of lunar phase is difficult to assess because settlement peaks are protracted over long periods, in the order of 10 to 12 d (Fig. 3) . Goodness-of-fit procedures are therefore hard to apply because the number of peaks attributable to each lunar phase is insufficient for conducting the tests. Higher settlement rates around new moon periods, especially in the case of Pachygrapsus marmoratus, appear too frequent to be distributed by chance, but additional data are required to test this hypothesis.
DISCUSSION
In the present study we used mesh traps to collect megalopae in a natural settlement microhabitat along a Percentage of high settlement events under different across-shore wind conditions. Results of loglinear models using the wind data accounting for 3 and 7 preceding days are illustrated. Statistics shown correspond to those in Table 4 S relations between the number of blue crab settlers caught in hogshair collectors and the availability of megalopae in the water column apparently indicate sampling selection for competent megalopae (Goodrich et al. 1989 ). In contrast, the abundance of pueruli in floating 'Witham-type' surfaces indicates their concentration in the plankton but not necessarily benthic settlement (Eggleston et al. 1998) . The use of natural nursery grounds to obtain density estimates of megalopae seems to be the most reliable option to measure settlement rates. However, sampling natural microhabitats where megalopae usually settle often involves undesirable destructive techniques. Manipulating cobble areas is not particularly harmful to the benthic intertidal community, but since these areas are not usually widespread along rocky shores, large eligible areas should be considered to assign an adequate number of sampling plots. Breeding intensity does not seem to be strongly coupled to settlement rates for both lobsters (MacDonald 1986 , Eggleston et al. 1998 and barnacles, in which the larval phase may take 2 to Results of log-linear models using the wind data accounting for 2 and 5 preceding days are illustrated. For the 2-factor interactions shown, settlement data were split into 3 categories and statistics indicate significant results from decomposing the initial test in paired comparisons. For the 3-factor interaction, statistics refer to independent 2 × 2 contingency tables Table 5 . Pachygrapsus marmoratus. Significance of factor interactions in log-linear models fitted to time series settlement data obtained during the 1999 sampling period. See Table 4 for abbreviations. *In both cases, high settlement rates correspond to higher onshore wind speed components 3 times longer in the plankton than in the laboratory (Farrell et al. 1991) . Although the 2 are not directly related, breeding periods may constrain to some extent the settlement season of marine invertebrates. In the present study, early and late breeders roughly correspond to early and late settlers. The grapsid Pachygrapsus marmoratus and the xanthids Xantho incisus and Eriphia verrucosa are species breeding from late spring to late summer, while the portunid Necora puber and the pirimelid Pirimela denticulata breed from late winter to late spring (Zariquiey-Álvarez 1968 , Ingle 1980 . These species are correspondingly separated into midsummer to mid-fall and late spring to late summer settlement groups. Megalopae of Pilumnus hirtellus were, however, collected from mid-June to early August, which is unexpectedly early for a species extending breeding to September. In spite of the apparent link between breeding and settlement at the seasonal level, it is clear that a higher sampling effort is needed to better resolve the fine temporal trends of these species, especially those occurring in lower densities. While breeding periods are thought to determine to some extent the seasonal occurrence of planktonic larvae, other less predictable factors would determine settlement events in smaller temporal scales. Considering both study periods, mesh traps were sampled from early June to early December. This time interval seems to be sufficiently long to allow comparisons of the relative frequency of megalopae obtained for each species. All crabs known to inhabit the rocky intertidal zone in the study region (Flores & Paula 2001) were detected in the samples. Yet overall species rankings differed considerably between the adult and megalopal account. The predominance of Pachygrapsus marmoratus is noteworthy in both life phases. However, the relative frequency of Xantho incisus and Pirimela denticulata megalopae is higher than expected. This is not surprising since visual counts tend to underestimate the abundance of adults, which predominate under boulder and cobble areas (X. incisus) or remain buried in moisten sandy patches (P. denticulata). Otherwise, Eriphia verrucosa was found to be the second most abundant species in adult surveys but their megalopae were markedly scarce in mesh traps. Some possible reasons may be advanced to explain this finding. For instance, larvae may have been actively selecting other preferred substrata (e.g. Keough & Downes 1982 , Gebauer et al. 1998 , Stevens & Kittaka 1998 , Strasser & Felder 1999 or advected to other areas far from the parental stocks (e.g. McConnaughey et al. 1992 , Queiroga 1995 . Present results do not allow interpretation of the lack of E. verrucosa megalopae in any detail.
Spatial scales at which a given variable shows significant trends may indicate potential processes affecting that variable (Underwood & Chapman 1996) . Settle- Table 6 . Pachygrapsus marmoratus. Significance of factor interactions in log-linear models fitted to time series settlement data obtained during the 2000 sampling period. See Table 4 for abbreviations. *In both cases, high settlement rates correspond to higher northern wind speed components ment variability at small spatial scales from a few centimetres to several tens of metres may be attributable to substrate selection, while variability at larger scales is likely to reflect hydrologically driven heterogeneity. The latter mechanisms appear to be operating at different spatial scales in turn. Patchiness at a scale of 1 to 2 km is typical of neustonic cancrid megalopae, probably reflecting complex local hydrographic conditions (Clancy & Cobb 1997) . Similar aggregation patterns are expected to take place in planktonic organisms retained in the upper water layers. At settlement, larvae transported in surface slicks associated with internal waves are delivered irregularly along the coastline (Shanks & Wright 1987) , causing significant spatial variability at the scale of several hundred of metres, similar to what may be expected from aggregations of plankton promoted by complex, near-shore, smallscale currents (Alldredge & Hamner 1980) . Settlement of the common shore crab Pachygrapsus marmoratus varied between sampled areas separated by several hundred metres but not within smaller-scale distances. This result indicates that hydrological features operating in coastal areas are the main factors affecting the settlement distribution of this grapsid crab within the spatial range examined herein. Variability among sites located from 10 to some hundreds of kilometres apart responds to mesoscale oceanographic processes. Wing et al. (1995a) found that settlement of brachyuran and porcelain crabs follows relaxation events of northerly upwelling-favourable winds along the coast of California, USA. These authors verified an along-shore settlement gradient and hypothesised that distance from a southern propagule source may be the major reason for the observed pattern. Such large-scale spatial traits are found to be stable through time (Johnson et al. 1986 , Eggleston et al. 1998 . Smaller-scale variability should probably also be temporally coherent, since it largely results from the same transport processes prevailing at a given coastline. It is interesting to note that present results on the spatial distribution of megalopae indicate opposed trends between the truly intertidal P. marmoratus and the low intertidal to subtidal crabs Xantho incisus, Necora puber and Pirimela denticulata. Those species are likely to be transported ashore by different means. Palma et al. (1999) performed an analogous hierarchical ANOVA to test for spatial scales of settlement variability in the rock crab Cancer irroratus and the American lobster Homarus americanus, controlling for depth (10 m) and substratum (cobble). They found interesting results indicating no differences at any scale for the lobster and only inter-regional variability (hundreds of kilometres) for the rock crab. This may indicate that, disregarding microhabitat selection, those subtidal settlers may gradually join the benthic population as competency is achieved with no major effect of smaller-scale hydrological features. Settling in the rocky intertidal zone is apparently a strikingly different process. Coastal hydrological characteristics are apparently determining the distribution of competent megalopae, which would be finally swept into the intertidal zone according to wave action. Under these conditions, settlers are not likely to systematically probe the substratum and resume swimming but rather find adequate refuge once they reach the shore. Settlement success naturally depends on the proximity of adequate shelter, so that recent recruits are usually found in particularly complex habitats (e.g. Hines 1982 , Navarrete & Castilla 1990 , Heck & Hambrook 1991 , Spivak et al. 1994 , Flores & Negreiros-Fransozo 1999 accounting for small-scale spatial patchiness when the 'microhabitat' factor is not considered (Palma et al. 1999 , Robinson & Tully 2000 .
Interannual settlement variability is usually high in brachyuran populations. For estuarine crab species along the eastern coast of the USA, yearly variation is usually around a factor of 3 to 5 (van Montfrans et al. 1990 , Boylan & Wenner 1993 , but it may be much higher, up to 13 times in consecutive years (Rabalais et al. 1995) . Similar fluctuation was observed for spiny lobsters, with a multiplicative factor ranging from 3.3 to 6.5 (Phillips 1972 , Marx 1986 , Briones-Fourzán 1994 . The present results indicate that the input of new settlers to intertidal crab populations may be even more variable, since interannual post-larval supply rendered 9-to 14-fold differences for the most common species, Pachygrapsus marmoratus and Xantho incisus. Factors affecting dispersal and later onshore migration are predicted to contribute soundly to this variable pattern. In this study we attempted to provide some insight on the potential mechanisms responsible for promoting brachyuran settlement in the rocky intertidal zone.
The magnitude of the across-shore wind component was identified to be the most important variable explaining the abundance of settlers for both Pachygrapsus marmoratus and Xantho incisus. Interestingly, a given across-shore wind event produces antagonistic effects in these species. While onshore wind forcing favours settlement in P. marmoratus, it is its relaxation or opposed offshore stress that is presumably bringing to shore the megalopae of X. incisus. These results do not support eventual cross-shelf transport expected from well-known mesoscale hydrological processes. Along the Portuguese coast, near-surface wind is basically controlled by the Azores High, which migrates northwards between March and August and determines the seasonal directional shift of westerly moderate winter winds to stronger winds during the summer blowing from the north or north-west. Northerly up-welling-favourable winds dominate from June to October and induce Ekman seaward transport of the surface layer and coastal upwelling of cold water brought from 60 to 120 m depths (Fiúza 1982) . During the upwelling season, continuous cross-shelf flow is only clear during relaxation events (Jorge da Silva 1992), when onshore larval transport may occur, as suggested by Queiroga (2000) for the megalopae of Carcinus maenas over the continental shelf off northern Portugal. If this mechanism is responsible for onshore advection of the species considered in the present study, then a significant effect of the along-shore wind component would be expected to emerge in the tested models. Settlement of megalopae would be favoured by a decreasing intensity of upwelling-favourable northerly winds and subsequent forcing of southern wind components, similar to what has been reported for barnacles (Farrell et al. 1991) and subtidal decapod crustaceans (Wing et al. 1995a,b) along the coast of California. However, the effect of along-shore wind components is regarded in the present study as inconsistent at best.
Significant interactions of along-shore wind speed components, pointing to an association between north winds and high settlement rate, were only found during the 2000 season for Pachygrapsus marmoratus and considered to be reflecting the stress effect of winds blowing from the north-west, which prevailed during this period and are equally represented in the across-shore axis. Otherwise, across-shore wind speed components are consistently related to settlement rate during both sampling periods in this grapsid and during the single examined season for Xantho incisus. Megalopae of P. marmoratus are large and active swimmers, resembling those of the congener Pachygrapsus crassipes (Shanks 1983 (Shanks , 1995a . We observed on a number of occasions small groups of P. marmoratus megalopae swimming just below the surface; it is assumed that these larvae are mostly neustonic, as already reported for P. crassipes. Within the neuston layer, downwind drift takes place over Langmuir circulation cells even under the influence of strong winds (Hamner & Schneider 1986) , which are commonly observed in our study area. In this nearsurface position, flow deflection due to the Ekman effect is much restricted, usually not higher than 10 to 15° (Huang 1979 , Bakun 1996 . Both wind drift currents and Langmuir circulation are therefore plausible mechanisms of onshore transport of P. marmoratus megalopae. While onshore wind stress causes nearshore downwelling, thus transporting their megalopae to the coast, the net bottom flow is offshore, compensating for the coastal rise of sea level. Under conditions of offshore wind forcing, the inverted process takes place, i.e. the sea level drops and a subsurface shoreward water flow causes upwelling of deeper water (Shanks 1995b) . Shanks (1998) showed these upwelling and downwelling compensating coastal flows at a near-shore site in North Carolina, USA, by cross-correlating across-and along-shore wind stress records to current speed and direction at both the surface and near bottom. If these flow dynamics apply to our coastal area, then larvae placed at different heights within the water column may be transported in opposite directions.
Further research to specifically test this model should first address the vertical distribution of megalopae. While there are acceptable grounds to assume the neustonic habit of Pachygrapsus marmoratus, no direct clues are available to speculate on the vertical distribution of Xantho incisus. Thorough surveys of the 3-dimensional spatial distribution of brachyuran megalopae are too scarce. Abelló & Guerao (1999) carried out an extensive sampling program and delimited the megalopal distribution of many species off the Catalan coast, northwestern Mediterranean. Unfortunately, that study was conducted in spring when megalopae of both X. incisus and P. marmoratus are still absent from the plankton. Yatsuzuka & Quintana (1985) obtained plankton samples at different depths from which megalopae of 42 taxa were identified. Xanthids and grapsids were predominant, but the authors did not provide any information on their vertical distribution. The only relevant account, although rather marginal, was given by Olivar et al. (1998) , who mention that the megalopae of a group of species, including X. incisus, were mainly found in the uppermost surface layer. Yet it should be noted that X. incisus is a species still common at depths of 30 to 40 m over the inner shelf (Ingle 1980 , Falciai & Minervini 1995 . Megalopae reaching the intertidal zone may well be brought ashore while already distributed close to benthic subtidal populations, thus in a significantly deeper layer. The same scenario may be conceivable for other species showing similar vertical distribution of adults such as Necora puber and Pirimela denticulata.
Tidally driven mechanisms are regarded as secondary factors promoting cross-shelf transport but they are also likely to occur, at least in the case of Pachygrapsus marmoratus, in which spectral analyses revealed a clear semilunar period during the 2000 season. The apparent lunar cycle during the 1999 sampling period may be due to low densities of megalopae, below detectable ranges during weaker settlement events. Fortnightly periodicity is further supported by a cross-correlation analysis, suggesting synchronous variation tied to tidal range, and significant terms of log-linear models. Although usually masked by the more pronounced effect of across-shore wind speed, a significant 'settlement rate' versus 'tide range' interac-tion ( Table 6 ) also indicates that higher settlement rates are more common during periods of high tidal amplitude. Semilunar periodicity is expected if transport in the convergence zone of tidally forced internal waves is significant, as observed in P. crassipes megalopae (Shanks 1983) , galatheids (Zeldis & Jillet 1982) and fishes (Kingsford & Choat 1986) . Onshore propagating non-linear trains of internal waves were observed using radar images off the northern Portuguese coast. These sets are probably generated at the continental shelf break by the interaction of the tidal current with underwater bottom topography (Alpers 1985) . However, if internal waves were transporting these megalopae shoreward, one would expect to find lagged cross-correlations between settlement rate and tide range, which was not the case. Depending on the propagation velocity of internal waves and the continental shelf width, settlement maxima could coincide with higher tidal ranges, but this is not the most probable outcome. Alternatively, it can be suggested that megalopae are more abundant during periods of higher intertidal range simply because the water flux above the settling area is also higher at that times. A 3-factor interaction involving both 'tide range' and 'across-shore wind speed' (Table 6 , Fig. 7) suggests that the effect of onshore transport by means of wind forcing is more limited under conditions of high tide range, when megalopae are likely to be already present in high densities. This interaction is probably more relevant than indicated in the tested models due to constraints of statistical power.
Compared with most temporal patterns documented for brachyurans, settlement events in these shore species, particularly Pachygrapsus marmoratus, are less episodic, usually protracted over several days. During both study periods, but especially from August to midSeptember 2000, settlement-favourable winds are also consistent over a relatively long period. Larvae are presumably concentrated in coastal areas during these events and gradually washed ashore under the influence of tides. Settlement rates for P. marmoratus seem to be higher around the new moon than full moon but proper statistical comparisons are not possible due to the low number of settlement events. Higher settlement during the new moon was repeatedly observed in spiny lobsters (e.g. Phillips 1972 , MacDonald 1986 . Some authors have suggested that settling during this lunar phase would reduce susceptibility to visual predators (Acosta et al. 1997 , Eggleston et al. 1998 . Future investigations on fine temporal settlement patterns of brachyurans from intertidal rocky shores should address this hypothesis by both comparing diurnal and nocturnal density of megalopae and examining longer time series to enable robust statistical testing.
